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Active maintenance of mHDA2/mHDAC6 histone-deacetylase in
the cytoplasm
André Verdel*, Sandrine Curtet*, Marie-Paule Brocard*, Sophie Rousseaux*,
Claudie Lemercier*, Minoru Yoshida† and Saadi Khochbin*
The intracellular localization, and thereby the function,
of a number of key regulator proteins tagged with a
short leucine-rich motif (the nuclear export signal or
NES) is controlled by CRM1/exportin1, which is
involved in the export of these proteins from the
nucleus [1]. A common characteristic of these
regulators is their transient action in the nucleus during
either a specific phase of the cell cycle or in response to
specific signals [1]. Here, we show that a particular
member of the class II histone-deacetylases
mHDA2/mHDAC6 [2] belongs to this family of cellular
regulators that are present predominantly in the
cytoplasm, but are also capable of shuttling between
the nucleus and the cytoplasm. A very potent NES
present at the amino terminus of mHDAC6 was found to
play an essential role in this shuttling process. The
sub-cellular localization of mHDAC6 appeared to be
controlled by specific signals, since the arrest of cell
proliferation was found to be associated with the
translocation of a fraction of the protein into the
nucleus. Data presented here suggest that mHDAC6
might be the first member of a functionally distinct
class of deacetylases, responsible for activities not
shared by other known histone deacetylases. 
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Results and discussion
Transient expression of haemagglutinin (HA)-tagged
mHDAC6 in HeLa cells led to the accumulation of the
protein in the cytoplasm of all the transfected cells
(Figure 1a). Under similar conditions mHDAC4 and
mHDAC5 were observed in the nucleus of the majority of
cells (Figure 1a). The inhibition of CRM1 activity by lepto-
mycin B (LMB) [3] led to a clear nuclear localization of
mHDAC6 (Figure 1a) suggesting that mHDAC6 is capable
of nucleo-cytoplasmic shuttling. In agreement with this con-
clusion, three NES-like motifs were found in mHDAC6,
two localized in the amino-terminal part and the third in the
carboxy-terminal region of the protein (Figure 1b).
Using an anti-mHDAC6 antibody raised against the
carboxy-terminal peptide, QDVKNAAHQNKFGED-
MPHSH in the single-letter amino acid code, we showed
that, in four different murine cell lines, FM3A cells (a
mouse mammary tumor cell line), murine erythroleukemia
(MEL) cells, B16 cells (a melanoma cell line) and Balb/c
3T3 fibroblasts, endogenous mHDAC6 was exclusively
cytoplasmic (Figure 2a). As expected HDAC1 was found in
Figure 1
mHDAC6 is a cytoplasmic protein. (a) HeLa cells were transfected
using Exgen 500 (Euromedex) with vectors expressing HA-tagged
mHDAC4, mHDAC5 and mHDAC6. Cells were fixed 24 h
post-transfection and the intracellular localization of the expressed
proteins monitored using an anti-HA antibody (upper panels). LMB
indicates that cells were treated for 3 h with 100 nM LMB. Lower
panels (DNA) show nuclei of the corresponding Hoechst-stained cells
present in each field. Protocols for in situ immunolabeling and image
analysis were described elsewhere [5]. (b) mHDAC6 possesses three
NES-like motifs, two located in the amino-terminal region (NES1 and
NES2) and one in the carboxy-terminal region (NES3), corresponding
to the described Rev/Rex NES consensus sequence [6]; X represents
any amino acid; HD, histone-deacetylase domain.
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the nucleus of all these cells (HDAC1 panel). LMB treat-
ment of FM3A cells showed, however, that only a fraction
of the endogenous mHDAC6 shuttles between the cyto-
plasm and the nucleus (Figure 2b).
To define the NES responsible for the nuclear export of
mHDAC6, a region encompassing 50 amino acids contain-
ing each of the three identified NES-like motifs (called
NES1, NES2 and NES3, respectively, from amino-termi-
nal to carboxy-terminal, see Figure 1b) was fused to the
carboxy-terminal region of the green fluorescent protein
(GFP) alone or in combination and expressed in HeLa
cells. Only GFP fusion proteins containing NES1 were
efficiently excluded from the nucleus (Figure 3a). These
experiments showed that in contrast to NES2 and NES3,
NES1 is a functional and strong NES. 
The critical role of NES1 in the export of full-length
mHDAC6 from the nucleus was confirmed by the inacti-
vation of this motif. HA-tagged mHDAC6 harboring this
mutated NES1 was no longer excluded from the nucleus
(Figure 3b, lane 2). As expected, a mutated form of
mHDAC6 containing the same mutations in the NES3
motif accumulated in the cytoplasm (lane 3). mHDAC6
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Figure 2
Predominant cytoplasmic localization of mHDAC6 in various murine
cell lines. (a) Cytoplasmic (C) and nuclear (N) extracts from the
indicated cell lines were prepared and equivalent amounts of proteins
were used to obtain a western blot. The blot was successively probed
with anti-HDAC6 and anti-HDAC1 antibodies (upper and lower panel,
respectively). (b) Cytoplasmic (C) and nuclear (N) extracts prepared
from control (–LMB) and LMB-treated (+LMB) FM3A cells were
analyzed as above. Nuclear extracts were obtained as follows. Cells
were lysed in buffer D (15 mM NaCl, 60 mM KCl, 12% sucrose, 2 mM
EDTA, 0.5 mM EGTA, 0.65 mM spermidine, 1 mM DTT, 0.5 mM
PMSF) containing an appropriate amount of Triton X-100 (depending
on the cell line, the Triton X-100 concentration varied from 0.05% to
0.5%). Nuclei were pelleted by centrifugation and the supernatant
(cytoplasmic extract) was kept. Nuclei were resuspended in a small
volume of buffer D and layered over 11 ml of the same buffer and
centrifuged at 1,000 · g for 5 min. The pellet was lysed directly in
protein loading buffer and homogenized by sonication.
Figure 3
An NES motif localized in the amino-terminal
part of mHDAC6 is involved in the export of
the protein from the nucleus. (a) 50 amino
acids encompassing the three NES-like motifs
of mHDAC6 (NES1, NES2 and NES3, see
Figure 1) were fused carboxy-terminal to GFP
alone or in combination and expressed in
HeLa cells. At 24 h post-transfection, cells
were fixed and GFP and DNA (Hoechst
staining) were visualized. (b) NES1
is specifically involved in the export
of mHDAC6 from the nucleus. Vectors
expressing wild-type HA-tagged mHDAC6
or the same protein harboring mutations in the
indicated domains (marked with crosses)
were used to transfect HeLa cells and the
intracellular localization of these proteins was
visualized using the anti-HA antibody. In NES1
and NES3 mutants, the two first leucines of
the NES motif were replaced by alanine (see
Figure 1). Histone-deacetylase domain 1
(HD1) was altered by replacing Asp250 and
Asp252 with asparagine and His254 and
His255 with valines. Histone-deacetylase
domain 2 (HD2) was modified by replacing
Asp648 with asparagine and His650 and
His651 with valines. 
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mutated in histone-deacetylase domain 1, in histone-
deacetylase domain 2 or in both domains also remained
in the cytoplasm, confirming, therefore, the specific
importance of NES1 in the control of sub-cellular local-
ization of mHDAC6.
Looking for cellular events associated with the accumula-
tion of mHDAC6 in the nucleus, we examined the sub-cel-
lular localization of mHDAC6 in proliferating and
differentiated (butyrate-treated) B16 cells. In proliferative
cells, mHDAC6 was found exclusively in the cytoplasm,
whereas during differentiation, concomitantly with an
arrest of cell proliferation, a fraction of the protein was
found in the nucleus (Figure 4). These data clearly showed
that the arrest of cell proliferation is associated with the
translocation of a fraction of mHDAC6 into the nucleus.
mHDAC6 is probably not the only histone deacetylase that
shuttles between the cytoplasm and the nucleus. Indeed,
data presented by Miska et al. [4] suggest that another class
II histone deacetylase, HDAC4, may also shuttle between
cytoplasm and the nucleus. However, in contrast to
mHDAC6, we found mHDAC4 in the nucleus of the major-
ity of transfected cell types (Figure 1 and data not shown).
Our experiments show that the steady state distribution of
mHDAC6 in the cytoplasmic and nuclear compartments
depends on a balance between the CRM1-dependent
export and the import/retention of the protein in the
nucleus. It can be suggested that like other NES-containing
cellular regulators [1], the post-translational modifications of
amino acids surrounding the NES1 motif of mHDAC6,
and/or the interaction of yet unknown partners with this
region, might play an important role in masking the NES
and therefore inducing its accumulation in the nucleus.
Taken together, the data presented here point out the
potential involvement of mHDAC6 in crucial cellular
events. They suggest also that mHDAC6 might be the first
member of a functionally distinct class of deacetylases. 
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Figure 4
A fraction of endogenous mHDAC6 translocates into the nucleus upon
cell differentiation and the arrest of cell proliferation. Cytoplasmic (C)
and nuclear (N) extracts were prepared from B16 cells untreated
(Prolif) and treated for 24 h with 5 mM butyrate (Diff) and analyzed as
described in Figure 2. Histograms show the flow cytofluorimetric
measurement of the state of cell proliferation for each situation.
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